Abstract-This paper proposes a new path following methodology combining with a obstacle avoidance scheme for unmanned quadrotor helicopter (UQH) capable of working in the cluttered and hazardous environments. A new cross-track error prediction based mechanism, where the cross-track error is estimated by utilizing the extend Kalman filter (EKF), is first developed for the path following scheme. Then, the UQH is equipped with obstacle avoidance capability employing a lightcomputational approach, the visibility graph algorithm. The priority of UQH is to switch to obstacles avoidance maneuvering in the presence of obstacles, and continue to execute the assigned mission after avoiding all hazardous objects blocking the desired path. The control system developed for attitude and position control of UQH is also introduced. Finally, extensive simulation studies on a nonlinear model of UQH with a series of dangerous scenarios are conducted to demonstrate the effectiveness of the proposed methodology.
I. INTRODUCTION
The last decades have seen a tremendous progress in the development of unmanned aerial vehicles (UAVs). A growing number of research institutes, universities, governments, and commercial entities across the world are developing and employing UAVs for a diverse range of applications, such as scientific research [1] , environmental monitoring and surveillance [2] , [3] , natural resources exploration [4] , post-disaster search and rescue [5] , and military missions [6] . Unmanned quadrotor helicopters (UQHs), as an important group of UAV, possess tremendous advantages comparing with other manned/unmanned aerial vehicles including affordable cost of development [7] , decreased mechanical structure complicacy [8] , easy-to-fly [9] , enhanced maneuverability and outstretched deployability [10] , [11] , as well as experimental platform for newly developed techniques [12] .
As the complexities of application grow, UQHs are accordingly required to deploy in more cluttered, sophisticated, and hazardous environments, this situation strongly demands UQHs to be equipped with enhanced reliable and safe instruments as well as more robust guidance and control algorithms for guaranteeing satisfactory performance of tasks execution and preventing collision with buildings, mountains, trees, other manned/unmanned vehicles, etc.. However, semiautonomy up to date is still favored over full autonomy due to the diverse nature of missions and limited obstacle avoidance capabilities of UQHs. Therefore, this work is intended to establish the study of methodology with satisfactory and safe performance to improve the autonomy of current UQHs including increasing application diversity and minimizing the amount of human supervision.
The existing mission execution can be generally partitioned into three predominant sorts: set-point stabilization, trajectory tracking, and path following [13] . This study falls into the path following problem of UQH. From the literature, there exist two categories of design methods: 1) individual design of guidance and control systems, which separates the system into an inner control loop and an outer guidance loop; 2) integrated design of guidance and control systems. In order to simplify the design procedure and separately manage the guidance-related disturbances and uncertainties problems in the guidance system without introducing them to control system and complicating the design and debugging procedures, this study chooses to separately design guidance and control systems. Numerous existing research works have been dedicated to the field with individual design philosophy. In [14] , the robust nonlinear control theory is used for maneuvering a UQH to follow a class of smooth Jordan curves. [15] presents a modified purepursuit path following method which uses inertial velocity in the calculation of commanded lateral acceleration. With this method, both straight and curved line paths can be well followed. A nonlinear output-feedback control method, which employs the global exponential observer, Lyapunov's direct method and backstepping technique, is developed in [16] for path following application. In [17] , a vector-field based path following scheme is devised to generate desired course references to attitude control in the inner-loop system. [18] introduces a path following control law which relies on a nonlinear control strategy derived at the kinematic level.
Regarding obstacle avoidance methods, a large number of heuristic obstacle avoidance methods have been developed for UAVs, such as particle swarm optimization (PSO) [19] , genetic algorithm (GA) [20] , artificial potential field (APF) [21] , [22] , and probabilistic roadmap-based method [23] . Considering the low computational capability of the onboard processor of UQH as well as high maneuverability of UQH, this study selects a light-computational obstacle avoidance method, the visibility graph [24] , as the obstacle avoidance design.
Following the concept of hierarchical structure design, a hybrid system, which consists of three functionality modules including the path following, obstacle avoidance, and motion control, is developed in this study. The first module of the proposed strategy is devised for operating the UQH to follow the desired path with satisfactory performance. To improve the performance of path following, a path following method with the capability of predicting cross-track error is developed; the cross-track error is estimated by an extended Kalman filter (EKF). The second module is designed for obstacle avoidance by modifying the reference heading angle to control system when there are any obstacles blocking the desired path. In order to significantly reduce the excessive computation burden of onboard processing devices, a relatively simple but effective method, the visibility graph, is utilized for the design of obstacle avoidance mechanism. The last module is the motion control system which maneuvers UQH to follow the reference path assigned from the first and second modules. The traditional proportional-integralderivative (PID) control approach is used for the height maintenance, while a fuzzy proportional-derivative (FPD) control method is chosen for operating the attitude of UQH, expecting that the UQH is capable of adapting with different working conditions. Finally, numerical simulations on a nonlinear UQH model is carried out to verify the efficacy of the proposed methodology. The remainder of this paper is arranged as follows: Section 2 provides some preliminaries for the design of proposed methods. Section 3 introduces the design details of proposed approaches. Section 4 addresses the conducted numerical simulations and their corresponding performance analyses. The last section summarizes the conclusions and potential future works.
II. PRELIMINARIES

A. Nonlinear Model of Unmanned Quadrotor Helicopter
The UQH, as concisely depicted in Fig. 1 , is normally actuated by four motor-driven propellers which are located at its four corners (front, rear, left, and right, respectively). These propellers generate corresponding thrusts u 1 , u 2 , u 3 , and u 4 . The motion of UQH can be briefly illustrated as follows: 1) distributing identical amount of control signal to each motor to obtain the vertical translation; 2) assigning a different amount of control signals to the opposite motors to achieve the horizontal translation [7] .
As described in [7] , a common UQH dynamical model with respect to the earth-fixed coordinate system can be Total lift force u θ (t)
The applied torque in θ direction u φ (t)
The applied torque in φ direction u ψ (t)
The applied torque in ψ direction Kn (n = 1, 2, ..., 6)
Drag coefficients
Thrust of each rotor L Distance of UQH's gravity and propeller Cm Thrust-to-moment scaling factor g Acceleration of gravity m UQH mass Ix Moment of inertia along x direction Iy Moment of inertia along y direction Iz Moment of inertia along z direction ωm Actuator bandwidth Km A positive gain u ci (t) (i = 1, 2, 3, 4) PWM signals distributed to each rotor written as follows:
Furthermore, from the relationship between accelerations and lift/torques, one can obtain that:
The propeller force and its corresponding pulse width modulation (PWM) signal have the following relationships:
The above-mentioned symbols are all defined in Table I. III. PATH FOLLOWING SCHEME DESIGN As outlined in Fig. 2 , the path following and control schemes are separately designed, for the purpose of avoiding any errors defecting the reference heading angle before introducing it to the control system.
A. Cross-Track Error Prediction Based Path Follow Rule
In order to successfully follow the assigned path, UQV is required to move through a set of predefined waypoints along the path with a constant forward speed. As illustrated in 3 , a two-dimensional (2D) continuous C 1 parametrized path, which is chosen in this study, goes through a set of successive waypoints P (x k , y k ) for k = 1, ..., i.
For an arbitrary position of UAV locates at P (x, y), the cross-track error, which is defined as the orthogonal distance to the path tangential reference frame, is calculated by:
where P (x k , y k ) and P (x k+1 , y k+1 ) denote the last and next waypoints, respectively.
In order to follow the desired path, a reference heading angle is required. Before calculating this reference angle, in this study, a prediction of cross-track error is first defined as follows:
whereε is the prediction of cross-track error, U f represents the forward velocity of UAV, T s , which denotes the updating rate, is selected to calculateε for the next period. ∆ψ = ψ ref − ψ is the error between the path-tangential angle ψ p and real heading angle ψ of UAV. The path-tangential angle ψ p is constant when the reference path is straight, while ψ p varies in each sampling time when the desired path is a curve. Based on the prediction of cross-track error, the reference heading angle ψ d can then be obtained:
where K c is a coefficient used for tuning the conversion from cross-track error to reference heading angle. In practice, however, the fixed gains T s and K c can be well tuned for rapidly reducing the cross-track error, while an undesirable fluctuation around the reference path may be caused, vice versa. Thereby the prediction of cross-track error is intended to be redesigned for the purpose of fast decreasing the cross-track error, while avoiding the unexpected oscillation around the path as well. The improvement to Eq. (6) is then made by designing the following saturation function:
where T 1 , T 2 , and T 3 are selected according to the practical situation including forward speed. It is worth-mentioning that the introduction of saturation function to the prediction of cross-track error can improve the performance of path following from two aspects: 1) guarantee a more rapid operation of UAV approaching to the desired path when it is far away from the path; 2) smoothly manoeuvre the UAV to follow the desired path when it is close to the path.
Consequently, Eq. (6) with combination of Eq. (7) becomes:
B. Improving Path Following Rule with EKF
Although Eq. (5) provides a solution of predicting the cross-track error, an improvement is still desirable due to the fact that this kinematics based method tends to be sensitive to environmental disturbances, noises, and various of uncertainties. In this study, EKF is further employed to modify the design of prediction. The reason behind this selection is EKF's advantage in estimation based on its statistical characteristic, and it has also been popularly and successfully applied in a variety of practical applications [25] .
First, the following system model and measurement model are established [26] :
where the stochastic variable x i is the system state at time t i . ω i−1 and ν i denote the process and measurement noises, respectively. f (·) and h(·) represent the nonlinear vector functions of the states. Then, the problem introduced by EKF is to find an estimatex i of x i given d j (0, ..., i).
If the nonlinearities of system (9) are sufficiently smooth, this system can be expanded around the state estimatex i using Taylor series as:
where
Neglecting the higher order terms in Eq. (10), Eq. (9) can then be approximated by:
Therefore, the desired estimatex i can be obtained by the following EKF recursive equations [26] :
where d i represents the observation vector, K i is the Kalman gain, P i denotes the covariance matrix of state estimation error, and the estimated statex i|i is the optimal solution which approaches the conditional mean value
Ultimately, choosing the state of EKF as x = [U f , ∆ψ] T , and applying the Kalman recursion (12) , the prediction of cross-track errorε can be obtained for the computation of reference heading angle. 
IV. OBSTACLE AVOIDANCE SCHEME DESIGN
Maintaining the safety of UQHs is generally a priority over mission execution including trajectory tracking and path following. Therefore, in the event of encountering obstacles, the current objective is first to avoid any potential collisions, then return to the assigned mission. Considering the computational capability of the processor onboard UQH and high maneuverability requirement in practice, this study utilizes a relatively simple but effective roadmap-based obstacle avoidance method, the visibility graph, to avoid any obstacles approaching to the UAV.
The general concept of visibility graph method is to connect UAV and the next objective waypoint, two possibility can occur: 1) the next objective waypoint is visible when there is no obstacles between UAV and the waypoint, and the path is approachable; 2) otherwise, the path to objective waypoint is blocked by obstacles, then an optimal path (the shortest path) of avoiding the obstacle and moving towards to objective waypoint is achievable by comparing all of the available connections from UAV, through one of the detected vertex of obstacle, to objective waypoint.
As illustrated in Fig. 4 , in the absence of obstacles, UAV follows the desired path by tracking the reference heading angle ψ d generated according to the desired path; but in the presence of obstacles, UAV stops following the desired path and changes to follow the obstacle avoidance heading angle to avoid the approaching obstacles.
In order to calculate the corresponding heading angle to keep the UAV away from colliding with obstacles, the following rule is established:
where δ l = |ψ l −ψ| and δ r = |ψ r −ψ|. ψ l and ψ r denote the leftmost and rightmost vertex of obstacle combining with a safety distance with respect to UAV, respectively. This safety distance is chosen by inflating the obstacle with a specific radius according to the forward velocity of UAV, minimum turning radius of UAV, and the practical safety requirement.
V. CONTROL SYSTEM DESIGN
As shown in Fig. 5 , the tasks of control system design in this study include: 1) To maintain a desired height and follow the reference yaw angle. 2) To keep a constant forward motion by achieving an acceptable performance of pitch angle control. 3) To guarantee the stability of UAV with small deviations from the hovering flight.
A PID controller is chosen for height control, controller gains can be determined by: (14) where z d is the desired height, and K A PD controller is designed for the attitude operation (yaw and pitch angle control), controller gains is calculated as: In order to improve the robustness of attitude controller against structural changes and uncertainties in system parameters as well as environmental disturbances, the attitude controller is further tuned by the fuzzy logic control (FLC) rule. The following simple linear transformation is used for calculating controller gains:
] represent the predefined ranges of K P and K D , respectively. ∆K P and ∆K D are determined by the following linguistic rules of FLC:
where A i , B i , C i , and D i represent the fuzzy sets corresponding to e k , ∆e k , ∆K P , and ∆K D .
Due to the space limit, further details of the design procedure is omitted here. Readers can refer to other literature for the similar design method [27] .
VI. SIMULATIONS
To demonstrate the effectiveness of the proposed method, numerical simulations on a nonlinear UQH model are conducted. Two scenarios are selected in the simulation: 1) Scenario 1: In the first scenario, as shown in Fig. 6 , the UAV starts at the left bottom corner (5m, 20m), while the end point is located at the right top corner (250m, 150m). One static obstacle (the red rectangle) situates at point (160m, 80m) of the map.. 2) Scenario 2: In this scenario, there are three static obstacles (see Fig. 8 ) situating at points (50m, 40m), (95m, 60m), and (170m, 70m), respectively.
UQH is set at a constant forward speed (10m/s) and a constant height. UQH is assumed to be deployed in 2-dimensional (2D) space. A straight line starting from (0, 0) and ending at (250m, 150m) is chosen as the desired path for both scenarios.
A. Results of Scenario 1
From Fig. 6 , it shows that the desired path is followed by the UQH, while the obstacle blocking the path is also successfully avoided, finally, the UQH can return back to the desired path. Fig. 7 displays the cross-track error is effectively and promptly estimated with an acceptable residual. 
B. Results of Scenario 2
Fig . 8 shows UQH safely passes the three obstacles, and then continues to path following execution.
As observed from Fig. 9 , the cross-track error can still be well estimated even UQH has experienced a series of sophisticated manipulation.
VII. CONCLUSIONS
In this paper, a new cross-track error prediction based path following method is presented. Before distributing to the control system, the reference heading angle is generated by the path following module, and to be modified by the obstacle avoidance module in the presence of obstacles. A fuzzy proportional-derivative control approach is then employed for tracking the desired heading angle. Simulations have validated the effectiveness of the proposed approaches.
Potential future work can be extended to the validation of the developed algorithm on a real unmanned quadrotor helicopter in the field test environment. Another possible research direction is suggested to improve the current reference heading angle calculation rule making the path following strategy capable of adapting to various working and environmental conditions with superior performance.
